The environmental impact of materials and energy is an important concern when cities and regions produce goods and services. To examine this requires an evaluation tool which can deal with the complex system of resources, energy inputs, products and wastes involved. This paper evaluates the urban material and energy flow efficiencies of 31 cities in China using a combination of the Data Envelopment Analysis model and Principal Component Analysis method. The results show that the urban flow system is composed of several input and output principal components, including energy, materials, urban capital investment, overall output, wastes, and others. In 2010, 16 cities were efficient as judged by the material and energy inputs and outputs. The remaining 15 cities were not efficient, primarily due to product shortfalls and waste excesses. Since 2000, half of the analyzed cities experienced a decline in the urban flow efficiencies, while only six cities showed a positive trend. The reasons include excess inputs of coal, coke, electricity, cement, investment, as well as output shortfalls in terms of overall output, wastes, services, agriculture and transport. We conclude that key priorities for improving urban systems with material and energy flow inefficiency are the use of urban renewable supplies, focus on sustainable endogenous development model, and improvement management of waste output, in order to increase efficiency and sustain economic growth.
Introduction
As the world becomes urbanized, building and maintaining sustainable cities sustainable is a paramount priority for analysts and policy makers Kennedy et al., 2012; Pijawka, 2012; Qin, 2014) . In particular, recent climate events and deteriorating ecological environments have issued warnings that urban growth cannot continue at the expense of the natural environment (Dulal et al., 2011) . However, in the past decades, human activities and particularly ongoing urban growth have continued to result in increasing adverse effects for the environment, such as pollution of the air, water, and land. Environmental challenges have become a key focus of sustainable development agendas (Ernstson et al., 2010; Newman, 1999; UNDP, 2014) . For many countries and regions, to achieve continued economic growth while decreasing the pressure on ecological systems presents a paradox which requires a more mature set of management tools and evaluation systems. This is particularly the case for China, which has experienced environmental distress alongside its rapid economic growth over the last three decades. Positive outcomes of its economic growth are indicated by its status as the world's largest exporter and manufacturer, with over 500 million people lifted out of poverty (United Nations, 2012) . However, negative indicators are observed as China's current pattern of development has placed considerable stress on the environmentdair, land, water, and natural resources. Particularly since the end of 2013, many Chinese regions have been shrouded by intense smog, caused by severe increases in air pollution. Other indicators of environmental and social crises associated with the consistent rapid economic growth have included unbreathable air, heavy metal waste, and income disparity. These have raised the question of whether the efficiencies of urban development are taking place at the expenses of resource and energy flow.
There is a growing body of research engaged in examining material and energy flows of individual cities, and modeling urban ecosystem efficiency by a linear process, usually focusing on energy or carbon (or other material) flows of urban production process (Newman, 1999; Schulz, 2007; Warren-Rhodes and Koenig, 2001; Yang et al., 2012) . Efficient use of material and energy is important for a city to produce goods and services to accommodate dwellers and support city growth; as well as reduce discharge and emission of pollutants to environment (Golubiewski, 2012; Hendriks et al., 2000) . Kennedy et al. (2007) points out that the accumulation or storage of materials and energy, the growth of the city, and the generation of waste are interlocked and essential to the sustainable development of cities. However, despite the accumulated evidence from the scientific literature, there is still a need for systematic and comparative analysis on urban material and energy flows by weighting the desired outputs to support city growth vs. undesired adverse outputs to environment (Zhang et al., 2015) . Such an analysis would allow for the comparison across cities to determine which cities have performed best and could be used as a point of reference for best practices in sustainable urbanism.
Therefore, this paper aims to capture a relatively complete picture of materials and energy flows in urban development; as well as compare the efficiency of materials and energy flows across 31 Chinese cities, for the purpose of improving the evaluation of urban efficiency. This study is meaningful for urban managers who must consider reconstructing urban industrial developing with more efficient material and energy flows; as well as regional scholars who aim to evaluate regional sustainable development by integrating material and energy flows analysis.
Conceptual framework: material and energy flows analysis of cities
By quantifying the balance of a city's inputs and outputs, Material and Energy Flows Analysis (MEFA) is a widely used and meaningful method for policy making processes (Fischer-Kowalski and Hüttler, 1998) . The crux of this approach is to emphasize the efficiency with which resources are used (Golubiewski, 2012) . Applications of this approach to address a city's sustainability can be found for Hong Kong (Warren-Rhodes and Koenig, 2001) , Sydney (Newman, 1999) , Vienna (Hendriks et al., 2000) , Toronto (Sahely et al., 2003) , Singapore (Schulz, 2007) , and Xiamen (Yang et al., 2012) . To the best of our knowledge, few studies have contributed to understanding the increasing inputs and outputs of the fast growing Chinese cities. Though the analyses are slightly different in emphasizing part or all elements of population, food, water, land, energy, emissions, waste and other inputs or outputs, they show that the MEFA is a useful approach to measure a city's load on the natural environment, and that high efficiency of material and energy flows can be beneficial to the survival of the city (WarrenRhodes and Koenig, 2001 ).
In applied and policy perspectives, there is also a strong inclination to reduce or limit greenhouse gas emissions and waste discharge with the purpose of improving environmental quality (Schneider et al., 2010) . This is embodied by the environmental goals set by international cooperation bodies and many countries such as United States, China, and European Countries. However, local governments within each country may exhibit reluctance to apply these goals, citing challenges in maintaining or growing economic development. The analysis of material and energy flows to some extent connects ecology and economics (Golubiewski, 2012) , helping to reconcile these tensions. The key question which MEFA helps to answer is in determining which methods can be used to account for material and energy flows through the city, and whether the results can inform the optimization of these processes (Broto et al., 2012) . As inefficient use of materials and energy threatens the sustainability of cities (Kennedy et al., 2007) , such analysis ensures that the concept and requirement of sustainability becomes explicitly integrated into policy design.
The major limitation of MEFA is availability and accuracy of data at the city level (Sahely et al., 2003) and inconsistent interpretations of those data (Kennedy et al., 2007) . Particularly, the information about resource use and waste discharge is quite scattered and needs to be synthesized . Previous studies primarily focus on the linear cumulative analysis of energy use, storage processes of resources, services and urban waste dumps. The efficiency of urban resource consumption and waste production is seldom systematically evaluated, and consequently the role of cities in the national or global sustainable development is hardly defined.
Another problem of some of current studies is that "only resource inputs and economic outputs are of concern (Golubiewski, 2012) " without noticing unnecessary and unwanted imports, wastes, and exports. The amount of waste depends on inputs, which are the sum of outputs and the stock increase (Newman, 1999) . Sustainability of urban ecosystem will not be evaluated if too much emphasis has been placed on the efficiency with which resources and energy are used. Urban ecosystem is an open system comprised of the community and its environment. Imports and exports of cities should be included in MEFA to capture the interchange among urban ecosystem and its environment.
From a policy perspective, MEFA should also consider social and economic conditions and values of resource use in supporting cities (Broto et al., 2012) . Given the diversity of urban scenarios it is challenging to compare efficiency across cities, as they have different population sizes and distributions of socioeconomic status, in addition to complex interactions and processes of production, consumption, and waste generation. As Decker et al. (2000) point out, comparison across cities is made possible by understanding the efficiency of MEFA changes in each city, and is dependent on the status of each city's development. Therefore, there is still a need for research that systematically explores the urban material and energy efficiencies by considering energy, resources, services as well as urban waste and comparing them across different cities.
Data and methods

Study design
We apply the evaluation of material and energy flow efficiency to Chinese cities using a combination of methods: Principal Component Analysis (PCA) to condense and derive key variables, and Data Envelopment Analysis (DEA) approach to evaluate resources used with both concerns of cost-saving and environmental benefits. We report the main findings of the selected 31 Chinese cities, and discuss the value of the DEA approach in contributing to the main emphasis of material and energy flows analysis as Broto et al. (2012) describe as 'comparative analyses of cities and models of urban planning in relation to their efficiency in allocating material and energy'.
Study area and context
This paper examines urban material and energy flow data in 31 Chinese cities for the years 2000 and 2010. This set of cities includes all the provincial level cities and provincial capitals, which act as the economic and political centers of their corresponding provinces in China. Provincial-level cities include Beijing, Shanghai, Chongqing, and Tianjin. Provincial capital cities include Harbin, Changchun, Shenyang, Shijiazhuang, Lanzhou, Kunming, Xining, Xi'an, Zhengzhou, Jinan, Taiyuan, Wuhan, Changsha, Nanjing, Guiyang, Nanning, Hangzhou, Guangzhou, Fuzhou, Haikou, Hohhot, Urumqi, Dalian, Qingdao, Ningbo, Shenzhen, and Suzhou. The missing data in corresponding years was replaced with data from the neighboring year. The locations of the 31 cities are shown in Fig. 1 , and their basic conditions are summarized in Table 1 .
Data collection
For the purpose of avoiding inconsistency, all of the data were collected from publicly accessible yearbooks, which were compiled by the central government and subordinate ministries. Population, economical, resources, and energy data were obtained from China Statistical Yearbooks, China Urban Construction Statistics Yearbooks, China Energy Statistical Yearbooks and China Environmental Statistical Yearbooks in corresponding years (2001e2011), with the annual statistical bulletin of each sample city replenished. Meanwhile, the annual statistical yearbooks in China are published by State Statistical Bureau and are often available 1e2 year later correspondingly.
When evaluating inputs and outputs that sustain the function of cities, the basic flows include resources, energy, purchased inputs imported from the external environment, and economic goods and services provided locally and exported to other regions (Song et al., 2013) . Table 2 summarizes the flows that are addressed in this paper. For an urban socio-ecological system, outputs after using resources and energy could include both desirable and undesirable outputs. Desirable outputs consist of GDP, hospital beds, and other economic, social indicators among cities. Undesirable outputs refer to those waste materials that potentially contribute to environmental problems, and include outputs such as rubbish, sewage and exhaust.
Data analysis
Principal component analysis
The principal component analysis (PCA) is one of the most common techniques in multivariate statistics (Shanmugam and Johnson, 2007) , which has been designed to deal with situations with multiple, possibly correlated, predictor variables, and relatively few samples (Mevik and Wehrens, 2007) . The objective of the PCA is to identify a new set of variables called a principal component as a linear combination of original variables. PCA is performed by identifying eigen structure of the singular value decomposition of the original data (Azadeh et al., 2007) . Specifically, when the cumulative contribution utility of principal components is more than 85% with eigen value more than 1, the principal components have been selected (Liang et al., 2009) . In this research, material and energy flows refer to the processes of supplying essential resources, which on the one hand produce desirable goods and services to maintain urban growth while on the other hand generating unwanted goods (waste) and exposing the city to environment risks and pressures. The efficiency of the material and energy flows is therefore defined as the extent to which cities achieve maximum wanted outputs and exports with minimum inputs and unwanted waste. By PCA, material and energy flows of urban system can be wholly analyzed without losing important possible material and energy variable.
Data envelopment analysis
Data envelopment analysis (DEA) was employed to evaluate the efficiency of MEFA. It is a non-parametric technique for measuring the relative efficiency of a set of similar decision-making units (usually referred to as DMU, and the city in this research) in production, which converts multiple inputs to multiple outputs (Tone, 2001 ). This method was introduced by Charnes et al. (1978) , and has received considerable attention in efficiency-centered studies to date (Hashimoto and Kodama, 1997; Kumar Mandal and Madheswaran, 2010; Sueyoshi et al., 2013; Tone, 2001) . These studies used DEA to establish composite indicators that reflect the relative outputeinput efficiency in development. Though the inputeoutput efficiencies are the central to MEFA, there are very few applications of DEA in this field. As a multivariate analysis, DEA is helpful to investigate the efficiency of the city using multiple inputs compared to multiple outputs of a certain material and energy flow. Another advantage of DEA is that it does not involve any assumption on the disaggregating of material and energy flows consumed in the urban metabolic system (Azadeh et al., 2007) , whose efficiency can be wholly evaluated without integrating all of material and energy flows.
In this paper, urban socio-ecological systems are analogous to a set of DMUs, whose efficiencies are multi-dimensional decision problems which can be resolved by DEA. Assume a sample that covers n DMUs, with m inputs and s outputs on each DMU. For the ith DMU the x ij and y rj , respectively, are vectors of input and output. The slack vectors s i e , and s r þ , correspond to input excesses (input slacks) and output shortfalls (output slacks) in the i-th DMU, respectively. The x i0 , y r0 represent the input, and output in the frontier unit 0. The input-oriented DEA model with the variable returns to scale is formulated as:
and q is free cj where: the computed value of q is the urban material and energy flow efficiency, illustrating the overall efficiency score for a city considering the urban material and energy inputs and outputs.
Only if q ¼ 1, the corresponding DMU is efficient; i.e., s i
(maximum outputs and minimum inputs), which means that the DMU has products at minimum inputs comparing to the best performing city. If 0 < q < 1, the DMU is inefficient, indicating that the DMU unit has input excesses (which are called input slacks) or output shortfalls (output slacks) (Song et al., 2013) , since once could reduce input excesses (slacks) and produce the same output, or produce more amounts of output at the cost of existing inputs. The scale efficiency ð P n j¼1 l j Þ of a DMU is equal to 1 if the DMU is operating at its most productive scale size (Azadeh et al., 2007) . When the scale efficiency is less than one, the scale efficiency is increasing (increase in output (production) relative to the associated increase in the inputs in the long run), indicating that the DMU should increase the inputs to obtain more outputs; otherwise, the scale efficiency is decreasing (more than one) or constant (equals to one) (Cheng et al., 2013) .
3.4.3. Integration of PCA and DEA The purpose of integrating PCA and DEA is to simplify components of DEA. Otherwise, there are too many variables, which violate the rule of the thumb of performing DEA computation (Cooper et al., 2004) and cause poor discrimination between DMUs of DEA (Luo et al., 2012) . In addition to data reduction, PCA is also helpful to identify variables of material and energy flows underlying the possibly correlated indicators (Azadeh et al., 2007; Põldaru and Roots, 2014) . In PCA, each of the components has been normalized to eliminate the effects of positive and negative indicators. In order to facilitate the exercise, we followed Scheel's (2001) approach by taking the reciprocal conversion values of waste outputs, including rubbish, sewage and exhaust, as they were unwanted. After that, only significant principal components of inputs and outputs separately are used in the further input-oriented DEA. The analysis of PCA and DEA was performed with the software SPSS and DEAP 3.0 respectively.
Results
Key components of measuring material and energy flows in a city
Principal components analysis on urban material and energy input and output flows (Table 3) revealed four principal components (PCs) for inputs and five PCs for outputs (Table 4) Table 4 .
Efficiency of material and energy flows
The urban flow efficiencies and scale efficiencies (increase in inputs required to obtain more outputs) were analyzed for 31 Chinese cities in 2000 and 2010 (Table 5 ). In 2000, there were 13 sample cities achieving material and energy flow efficiencies, as indicated by the urban flow efficiencies reaching 1. Most of hinterland cities were not efficient, such as Changchun, Changsha, Guiyang, Kunming and Shenyang. 16 sample cities in 2010 were efficient in urban material and energy flow performances, primarily in coast and capital cities including Beijing, Guangzhou, Shanghai, Suzhou, Ningbo and Nanjing. However, almost half of analyzed cities experienced a decline in the urban flow efficiencies, while only six cities exhibited a growth trend since 2000.
Material and energy flows efficiency at various scales
Our results show that a city can reach an efficient level for its material and energy flows regardless of its scale. According to our analysis, most of Chinese cities with populations of 10 million and above were efficient, including Beijing, Shanghai and others. Similarly, Nanjing and Ningbo at the size of 5e9.9 million inhabitants; and Taiyuan and Hohhot with less than 5 million inhabitants, were all efficient in 2010. Cities were also able to achieve material and energy flows' efficiency with different economic outputs. Bigger cities showed more efficient results than smaller ones. As indicated by Table 6 , all cities with 100 billion RMB output were efficient, and 72.7% cities with 50e99 billion RMB output were efficient, while only 33.3% were efficient at the level of 10e49 Billion output in 2010. None were efficient with less 10 billion RMB output.
The average efficiency also decreased from higher to lower economic outputs. The same situations were observed at the population scale. The only one exception is that the average efficiency of the cities at 5e9.9 million was slightly lower than that of cities with less 5 million people in 2000. This situation reflects that currently Chinese big cities perform relatively well in managing their system on production, and energy and material use, while relatively smaller cities are less capable of improving the city's efficiency from material and energy use to production.
Input and output slacks of urban material and energy flow efficiency
Many main cities in China experienced efficiency drops in material and energy flows from 2000 to 2010. This underscores the importance and urgency of improving material and energy flow efficiency. The slack analysis (Table 7) shows that the majority of inefficient cities were characterized by output slacks in 2000 and 2010, including Lanzhou, Changsha, Shenyang, Kunming, Hangzhou and Guiyang, and others. Particularly in 2010, the surge in Chinese industrialization and urbanization is prompting output slacks, which had been found in the overall outputs (PC5) and wastes (PC6), including rubbish, sewage, and exhaust. These cities, such as Nanning, Kunming, Xining, Zhengzhou, etc. located in China's central and western regions, exhibited heavy-industry-oriented development, especially in the over-development in resourceenergy-intensive industries such as steel, metallurgy, cement and aluminum, exerting huge pressure for energy saving and metabolic efficiencies (Yang and Wang, 2013) . In terms of the services and export component (PC7) and agriculture component (PC8), the number of sample cities with slacks has been decreasing since 2000. However, there are still a lot of sample cities with slacks in PC7, PC8 and PC9, such as Nanning, Jinan, Harbin, Xining, Lanzhou, etc. These cities should improve export, agriculture and transport services accordingly to reduce output slacks.
In comparison, the input slacks have been found in the material component (PC3) and energy component (PC4). In 2000, industrial cities, such as Changchun, Wuhan, Changsha, etc. were characterized by excess inputs of materials and energy, with six cities having PC3 and 12 cities having PC4 input slacks. In 2010, slacks of PC4 have not been found in any cities while Guiyang, Harbin, Nanning, etc. had slacks of PC3. This implied that most of the cities undertook urban planning efforts and were upgrading industrial structures to environmentally-friendly development, saving energy and resources which have a profound impact on the overall input slacks of urban material and energy flows. The results are important to stimulate those urban inefficient cities in input and output slack performances; to further improve their urban flow efficiencies and sustainable influences.
Discussion
Understanding the DEA approach to MEFA
The key of the DEA method is to evaluate the performance of a set of entities called decision-making units (DMUs) which convert multiple inputs into multiple outputs. Based on the estimation of a "production frontier", or a "best-practice frontier" (Cook et al., 2014) , a benchmark can be achieved and against that each DMU's performance is evaluated. Cities are complex systems with multiple inputs and multiple outputs. Material and energy flows are dynamic and versatile under different conditions of social and economic development, environment and ecological conditions and even human behaviors. An efficient DMU or the best performed city in MEFA refer to the one that achieves the maximum potential outputs (maximum desirable outputs and minimum undesirable waste discharge) for a given set of inputs. Because cities are varied at different scales of inputs, there are perhaps several "best performers." For example, Beijing, Guangzhou, Shenzhen, etc. are efficient cities but they have clearly different identities. Beijing achieved its relative best performance at urban flow efficiency due to its service-oriented industry and public service delivery as Chinese capital city. Guangzhou is one of China's leading commercial and manufacturing metropolitan hubs . In comparison, Shenzhen, China's first Special-Economic-Zones, is characterized by vibrant manufacturing economy due to rapid foreign investment since the Chinese "reform and opening" policy in late 1979. This approach therefore measures the efficiency in a relative sense, rather than on average or fixed maximum or minimum producer. To a large extent, we may understand the DEA approach measures different flows of materials and energy used in certain social, economic and natural conditions, as grouped by different cities. The best performed city reflects the most efficient flow on the given condition and thus is considered exemplary to its peers. This relative efficiency measurement provides more systematic and data-driven suggestions to governments by using explicit comparisons and learning targets.
Improving urban management according to material and energy flow efficiency
Focusing on the selected 31 main cities in China, it is interesting to observe that most of them were efficient in 2000, while the number of efficient cities declined dramatically to 13 in 2010. This should serve as a warning to the sustained economic, social, and environmental growth of China. According to the slack analysis of DEA (Section 4.4), the majority of cities were inefficient due to output slacks in 2000 and 2010, including Lanzhou, Changsha, Shenyang, Kunming, Hangzhou and Guiyang, and others; while some of them were inefficient characterizing by input slacks, such as Guiyang, Harbin, Nanning, etc. Therefore, as the inefficiency is measured between inputs and outputs, China should shift from previous economic growth (output)-dominated model to a more inputeoutput balanced and endogenous growth approach characterized by environmentalfriendly and service-oriented industries.
For many cities, coal has been used as the primary energy input to stimulate economic growth to date. If economic growth is to be sustained in the future it will be necessary to shift this over-reliance on coal into renewable energy and service-oriented development. Taking the Xining city, in Qinghai Province, China, as an example, since 2000, it experienced a rapid development in the coal-related industries; such as metal, electricity, and heat industries, which accounted for 69.3% in Gross Domestic Production (GDP, 107.7 billion Yuan in 2014). As a result, the urban flow efficiency of Xining only arrived at 0.838 and 0.888 in 2000, 2010 respectively. In contrast, Beijing, the capital of China, shifted its development model to renewable energy and service-oriented industry recently. Its urban flow efficiency achieved 1 in both 2000 and 2010, while the percentages of renewable energy to total energy consumption grow from 4% in 2010 to 8% in 2020. In addition, as the proportion of GDP from service industries increased from 58.3% in 2000 to 75%. This pattern is likely to continue if the adoption, adaptation, and mastery of renewable energy technologies and service firms remain an important growth driver in urban systems.
One-size-fits-all policy design will not suffice because denser and richer cities will have high levels of urban resource consumption and waste production. Comparison based on averages is also problematic; because the city with low level inputs, low level economic and waste output does not equal to the one with high levels at all aspects, but they have the same average value. By introducing the best performers, DEA of material and energy flow analysis provides a benchmark. In the decentralized institutional environment, it may prove more effective for the central government to monitor and for the local government to apply the policy. The policy goal of environmental protection can therefore be targeted and selective.
Strengths and limitations
This paper integrates the PCAeDEA based approach to investigate the efficiency of material and energy flows of cities. This analytical approach provides an important tool for policy makers and analysts. Previous research may only provide a segment of scenarios of flows, though detailed enough to understand ecological-economic process, but insufficient to make a judgment according to the overall condition of cities. The paper integrates almost all possible available elements of resources, energy, capital, imports, exports, products, and wastes of urban flows. By this way this simple model does provide some confidence to depict flow efficiency of urban flow system. Consistent interpretations of urban flow data at the city level in different years paves the way for systematically comparisons on urban efficiency performances. Equally important is that the PCAeDEA model does really reflect the urban flow inputeoutput efficiency by identifying and linear programming multiple principle components which ultimately drive the urban flows.
However, the DEA approach suffers some limitations when applied to MEFA. An analyst should bear in mind the DEA method only reveals the relative, not absolute efficiency. In other words, it can tell how well the material and energy flows in one city compared to those in other cities but not compared to a "theoretical maximum." In addition, the computation is done in a "black box", directly from inputs to outputs, with few hypothesis tests and less knowledge generated in the middle process. In this respect, practical analysis and knowledge are required. Nevertheless, it is still powerful in comparing different cities or systems with different characteristics of material and energy flows, and optimizing urban policies on growth model versus environment sustainability.
Conclusions
Our results point to the recommendation that government and enterprises are advised to adopt measures to develop energy conservation, energy efficiency, and renewable energy for the public benefit. China must pay more attention to pollution control as the undesirable output of waste has negative implications for the efficiency of material and energy uses and environmental sustainability of cities, for example resulting in the frequent cover of many major Chinese cities by hazardous dense haze. Cities such as Beijing which have adopted renewable energy technologies and serviceoriented industries have set themselves as benchmarks for other Chinese cities to follow. With the continuous technological and managerial progress and the alteration of the best performers, a catching-up mechanism for the local cities can be encouraged. The PCAeDEA approach provided in this paper opens up possibilities of evaluating the process of the complex and often unknown nature of the relations between the multiple inputs and outputs involved in many activities of urban ecosystems, particularly contributing to comparison of cities and regions in view of MEFA methodology. In the future, other aspects, such as social and culture, can be integrated into this model to test a more comprehensive economicesocialeecological process of materials and energy flows towards sustainable development.
